We highlight that by using supramolecular single crystals of phosphorescent trinuclear copper(I) pyrazolate complexes with different molecular structures (2 A-E ), vapochromic chemosensors were successfully designed for sensing ethanol with high sensing capability. These complexes 2 A-E were synthesized from non-side chain, 3,5-dimethyl, 3,5-bis(trifluoromethyl), 3,5-diphenyl and 4-(3,5-dimethoxybenzyl)-3,5-dimethyl samping, 3,5-dimetil, 3,5-bis(trifluorometil), 3,5-difenil dan 4-(3,5-dimetoksibensil)-3,5-dimetil dengan hasil 83, 97, 99, 88 
INTRODUCTION
Volatile organic compounds (VOCs) are generally well-known as one of pollutants from industrial processes due to their effects on environment and human health [1] . Particularly, alcohol derivatives such ethanol have been found as VOCs which can effect on human immunity for long-term by inducing inhibition and stimulation into the bodies [2] . These VOCs have encouraged many researchers to develop chemical sensors (chemosensors) optically with high sensing capabilities in sensitivity, selectivity and reusability as well as low-cost precursors [3] [4] . By using organic chromophores as a chemosensor, the detection of the vapors with organic chromophores (vapochromics) as chemosensors have been studied to evaluate the changes in luminescence (color, emission intensity and lifetime) [5] , absorption (transmittance) [6] , thermal resistivity [7] , refractive index [8] , swelling [9] , mass [9] , permittivity [10] and etc.
Optical chemosensors based on the changes in luminescent properties have been widely developed due to their sensitivities over other methods [11] . Since phosphorescent compounds are indicated by its longer luminescent lifetime from the metal-metal interactions than the fluorescence, many complexes from d 6 , d 8 and d 10 metal ions with extended π-system or coordination donors have been synthesized as phosphorescent metal complexes. The resulting metal complexes have revealed color changes from vapor-triggered luminescence owing to metal-solvent, metal-metal, π-π, hydrogen bonding and host-guest interactions [12] . In this case, supramolecular phosphorescent metal complexes with their self-assembling properties have been extensively explored as chemosensors due to possibility of changes in tunability and rigidity [13] [14] . For example, Nagel and co-workers in 1988 [15] synthesized palladium (Pd) and platinum (Pt) doublecomplex or mixed salt for the detection of vapors. This type of complex was fabricated into fibre optics for the detection of VOCs by Lancaster 1995 [16] . In 1998, Maan and co-workers have successfully synthesized PtPt double-complex salt for vapochromic sensors of organic vapors with color, absorption and emission changes [17] . In Group 11, gold complexes or bimetallic gold-silver complexes with various types of ligands have been also reported as chemosensors [18] . Although copper complexes can be synthesized using less expensive precursors and showed a strong luminescent intensity and longer lifetime, they have received less attention as chemosensors so far [19] . Therefore, it would be interesting to develop new phosphorescent chemosensors using copper complexes with high sensing capability for detection of VOCs such ethanol. Previously, we have reported that phosphorescent trinuclear copper(I) pyrazolate complexes from 3,5-dimethyl and 4-(3,5-dimethoxybenzyl)-3,5-dimethyl pyrazole ligands were successfully synthesized and then used for chemosensors of ethanol [20] . In particular, we have found that trinuclear copper(I) 4-(3,5-dimethoxybenzyl)-3,5-dimethyl pyrazolate complex only showed a positive response to ethanol by shifting the emission band from 604 to 554 nm where the original intensity can be recovered without external stimuli. Therefore, in this continuous study, we are particularly focused on the sensing capability of vapochromic copper complexes from a series of pyrazole ligands with different molecular structures at their side-chains. It is expected that upon exposure to ethanol, the chemosensors will show the importance of molecular structure in supramolecular self-assembly of single crystal phosphorescent complexes with different rigidity, electronegativity and metal-metal distance for their sensing capabilities. Indeed, we found that, trinuclear copper(I) 4-(3,5-dimethoxybenzyl)-3,5-dimethyl pyrazolate complex (chemosensor 2 E ) showed the best sensing capabilities from the changes in emission spectra (616 to 555 nm) and images (orange to green). These results suggest that such sensing capability for chemosensor 2 E might be caused by a weak intermolecular hydrogen bonding interaction between hydroxy group (OH) of ethanol with electronegative O atoms at the methoxy group in the benzyl of the pyrazole ring.
EXPERIMENTAL SECTION

Materials
All the reagents and chemicals were used in analytical grade that were purchased from SigmaAldrich, while all the solvents were used in anhydrous grade. Triethylamine (Et 3 N) was distilled under vacuum and nitrogen (N 2 ) condition where the collecting fraction was stored in dry potassium hydroxide (KOH).
Instrumentation
Fourier transform infrared spectroscopy (FT-IR) was used on Thermo Scientific model a Nicolet iS50 using potassium bromide (KBr) to make a pellet. Mass spectra were recorded by electrospray ionization (ESI) source for ionization using JEOL model a JMS-T100LP (AccuTOF LC-plus). Sample was firstly prepared in dichloromethane (DCM) with addition of methanol (MeOH) or acetone for direct injection method with quantity of 10 µL/min and needle voltage of 2000 V. Structure analysis was performed on Bruker AXS Diffract plus release 2000 model of X-ray diffractometer (XRD) in the range of 2θ at 2-40°with a scan rate of . Absorption spectra were measured using Shimadzu Diffuse Reflectance (DR) Ultraviolet-Visible (UV-Vis) spectrophotometer (UV-2600) for solids samples (barium sulfate; Ba 2 SO 4 was used as the reference). JASCO spectrofluorophotometer with model of FP-8500 was used to evaluate luminescence properties. Photographs were taken by using Panasonic Lumix Camera (DMC-FZ38) with a macro zoom under a UV lamp (Vilber Lourmat, 8 watt) at daylight or in the dark room. The PTI QuantaMaster 400 Horiba with near infrared (NIR) PMT detector model 914 under liquid nitrogen cooling system was used as steady state photoluminescent spectrometer for determination of emission and excitation maxima in the lifetime measurement with a Xenon lamp (75 W) in microsecond time scale.
Procedure
Synthesis of trinuclear pyrazolate copper(I) complexes
Trinuclear copper(I) pyrazolate complexes were synthesized by a Schlenk technique using five types of pyrazole ligands from non-side chain, 3,5-dimethyl, 3,5-bis(trifluoromethyl), 3,5-diphenyl and 4-(3,5-dimethoxybenzyl)-3,5-dimethyl in the presence of copper(I) ions from tetrakis(acetonitrile)copper(I)hexa fluorophosphate ([Cu(MeCN) 4 ]PF 6 ) according to previous report by Kishimura et al. [21] (Fig. 1) . Typically, at room temperature, the mixture of pyrazole ligand and [Cu(MeCN) 4 ]PF 6 in tetrahydrofuran (THF) was stirrer for 5 min and followed by adding the distilled Et 3 N under an inert condition. After overnight reaction, THF was removed from the reaction mixture under reduce pressure and the remaining residues were dried off to isolate the desired complexes. For purification, in-situ recrystallization was carried out by dissolving the desired complexes in DCM (15 mL) under an inert condition. This solution was added dropwisely into dry MeOH at room temperature for complexes 2 A-E . In this condition, the resulting crystals were filtered by in-situ filtration and followed by washing few time with dry MeOH. The resulting residues were dried off to give solid powder or sticky of the 2 A-E . The collected complexes were evaporated and then dried under reduce of vacuum pressure to give 2 A-E in 83, 97, 99,
Fig 2.
FT-IR spectra of (a) pyrazole ligands 1 A-E and (b) copper complexes 2 A-E and complex 2 E (labeled as 2 E *) after exposure to ethanol vapor for 5 min 88 and 85% yields, respectively.
Sensing capability
For evaluation of sensing capability, complexes 2 A-E in 22 mg as chemosensors were directly exposed to 8.7 ppm (200 µL) of ethanol vapor from 0 to 5 min. The study was carried out by arranging cell holder for spectrofluorophotometer containing of the chemosensors into the sealed beaker for exposure in 1-5 min. After completion of the exposure time, the sensing capabilities were directly evaluated using spectrofluorophotometer.
RESULT AND DISCUSSION
Structure Elucidation of Chemosensors
In order to confirm the synthesis of copper(I) complexes, FT-IR and mass spectroscopy measurements were carried out to observe characteristic vibration bands of functional groups and molecular weight for the ligands 1 A-E and desired complexes 2 A-E . Fig. 2 shows FT-IR spectra of the ligands 1 A-E and their copper complexes 2 A-E with characteristic vibration bands at wavenumber of 3500-500 cm Note: In the bracket for the functional groups, s, m and w are referred to strong, medium and weak vibrations while the number are referred to the vibration peaks at FT-IR spectra Fig. 3 shows the X-ray patterns for all copper(I) complexes with characteristic diffraction peaks, suggesting the formation of semi-crystalline structure.
Optical Properties of Chemosensors
Molecular geometry and optical properties of luminescent d 10 complexes have been found to show the characteristic of chemosensors in particular applications [22] . For example, trinuclear metal pyrazolate complexes with different from their substituents and metals on ligands have been reported to show interesting bright and tunable luminescence properties [23] . Moreover, by controlling the elongation of the assembly or shortening the distance of metalmetal interactions, the self-assembled structures can be tuned using intermolecular metallophilic interaction of the metal complexes [24] . Spectroscopically, the luminescence properties of complexes 2 A-E were performed using DR UV-Vis spectrometer and photoluminescent spectrofluorometer [25] . The absorption spectra were measured to find the maximum energy for excitation of electrons from ground to excited state in the emission measurement. Fig. 4a shows DR UV-Vis spectra with the peak tops of 280-358, 307, 296, 304 and 300 nm for complexes 2 A-E , respectively. The range of absorption bands are originated by π→π* transitions in the conjugated double bonds of the aromatic rings.
By using the peak top of absorption spectra as an excitation wavelength (λ ext ), the luminescent properties from the emission spectra were measured for each complex. Fig. 5a shows the emission spectra as well as (Fig. 5c ) and in the dark room under exposure to a UV hand lamp at 254 nm (Fig. 5d) . The emission spectra showed a peak centered at 553, 584, 570, 644 and 616 nm for complexes 2 A-E (Fig. 5a ), which were in good agreement with their colors as green, orange, greenish, red and orange under exposure to a UV hand lamp at 254 nm in the dark room (Fig. 5d) , respectively. Monitoring at these emission wavelengths (λ em ), it provided the excitation spectra for maximum absorption wavelengths with a peak centered at 274, 280, 280, 275-322 and 278 nm for complexes 2 A-E (Fig.  4b ), which were closed to the peak top of luminophores in the DR UV-Vis spectra (Fig. 4a) . Such luminescent profile gave a large Stokes shift (∆λ) in 279, 304, 290, 322 and 338 nm, indicating the characteristics of phosphorescent compounds [21, [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] . Moreover, the luminescent decay measurements in excitation and emission maxima as shown in Fig. 5b were evaluated to give phosphorescent lifetime (τ) = 7.440.7, 7.601.5, 7.370.4, 8.690.3 and 8.161.8 μs at room temperature for complexes 2 A-E , respectively. Hence, complexes 2 A-E were successfully confirmed as phosphorescent compounds by metal-centered triplet excited states of the weak Cu(I)-Cu(I) metallophilic interaction [19, [23] [24] [25] [26] [27] . Considering the advantages of copper(I) complexes in their phosphorescence properties, it can be developed as promising vapochromic chemosensors based on changes in optical properties upon exposure to VOCs [35] . 
Sensing Capability of Chemosensors
Sensing capabilities [35] were evaluated by monitoring the changes in emission intensities and colors for the specific exposure time. Fig. 6 shows emission spectral changes upon exposure to ethanol (8.7 ppm) from 0 to 5 min. Three phenomena were observed; quenching for chemosensors 2 A-C (Fig. 6a-c) , photoinduced energy transfer for chemosensor 2 D (Fig.  6d ) and shifting for chemosensor 2 E (Fig. 6e) . For the quenching phenomenon, upon excitation at 280 nm in 0 min, it displayed an emission band centered at 553 nm for 2 A , 584 nm for 2 B , and 570 nm for 2 C (black solid line in Fig. 6a-c) . Upon exposure for 1-5 min, chemosensor 2 A showed decreasing in its intensity (Fig. 6a, dash line) up to 18, 23, 32, 33 and 34% respectively as shown in Fig. 6f (red dot) . It clearly showed that the emission intensity was almost saturated in 3 min where the changes in color emission were appeared from high contrast (Fig. 5d(i) ) to less intense of green-yellowish images (Fig. 7a(i-v) ). When pyrazole ligand has 3,5-dimethyl (two of -CH 3 ) at the side-chain of the ring for chemosensor 2 B , the decreasing in emission intensity (Fig. 6b, dash line) were and (iiic) 2 E at room temperature on exposure to a UV hand lamp at 254 nm in the dark room, and (e) reusability test of chemosensor 2 E up to 10 cycles only in 6% of quenching intensity after exposure for 1 min and in 15% after 5 min (Fig.6f, blue dot) . It was finally saturated in 5 min (Fig. 6b, dash line) , which were in good agreement with almost no color changes of their orange emissions (Figs. 5d(ii) and 7b) . When we used bis(trifluoromethyl) (two of -CF 3 ) at meso-position of the pyrazole ring, the chemosensor 2 C displayed significantly decline of its emission intensity (Fig. 6c, dash line) in 76% even for exposure with ethanol in 1 min and then achieved in 100% after 5 min (Fig. 6f, green dot) . Such quenching of intensity in 100% indicates that the chairlike coordination geometry of Cu(I)-Cu(I) metallophilic interaction [4, [19] [20] [21] [22] [23] [24] [25] [26] [27] 35] was totally disrupted through the columnar assembly of the weak intermolecular interaction. In this case, Cu(I) ions in one pyrazole ring are unable to form metal-metal interaction with other Cu(I) ions of the ligand. Monitoring color emission in the dark room, it was in good agreement with their color changes from bright ( Fig. 5d(iii) ) to less intense of green emission in the first 2 min (Fig. 7c(i-ii) ) and then became less emissive as a dark image in 3 to 5 min (Fig. 7c(iii-v) ). Although chemosensor 2 C gave 100% quenching, the original intensity can be only recovered up to 51% (Fig. 8a(iii) ) with less emissive of green emission (Fig. 8d(iiia) ) upon external stimuli such as heating and grinding. Therefore, these phenomena suggest that the molecular structure of chemosensors with a short alkyl side chain at the pyrazole ring of the complexes gave significant effect on the sensing capability with quenching phenomena toward the ethanol vapors. Since molecular size of ethanol is not large enough to cut-off the metal-metal interaction among pyrazolate molecules, such changes in emission spectra [3] [4] [5] [12] [13] [14] [15] [16] [17] [18] [19] [20] and colors [4, 12, 35] in quenching phenomenon might be caused by the formation of a weak intermolecular hydrogen bonding interaction [4, 13, [18] [19] [20] [25] [26] [27] 35 ] from OH of ethanol vapors with electronegative N and/or F atoms at the pyrazole ring so that the metal-metal interaction was totally disrupted and cannot form a bonding between the molecules. In the presence of bulky side chains from -CH 3 , the sensing capability will be reduced due to the influence of accessibility of ethanol vapors from that bulky group to be diffused to the emission center.
Energy transfer is one of phenomena in sensing capability due to the formation of a new emission site while the former emission site is coincidentally changed to a non-emissive site [30, 35] . Upon exposure to ethanol for 1 min (Fig. 6d, dash line) , chemosensor 2 D shows that its original emission centered at 644 nm was quenched in 23% (Fig. 6f , orange dot) while two new emission bands at 436 and 460 nm were appeared for possible formation of aggregation induced emission at the phenyl side-chains of the pyrazole ring [36] . When it was exposed above 1 min, the emission center was gradually quenched (Fig. 6d , dash line) up to 44, 73, 78 and 87% in 2-5 min (Fig. 6f , orange dot) which were well supported by their color changes from red ( Fig. 5d(iv) ) to less intense of red or light pink (Fig. 7d(i-ii) , white ( Fig.  7d(iii) ) and dark red emission (Fig. 7d(iv-v) ) in 2, 3 and 4-5 min. Considering ethanol vapors tend to interact as explained above, it probably provides changes in the molecular distance at the phenyl of the pyrazole ring and their metal-metal interactions so that such changes in emission spectra and colors suggest the occurrence of photoinduced energy transfer from metal-metal interactions to phenyl side-chains of the pyrazole ring. Similar to chemosensor 2 C , under external stimuli, the original intensity can be only recovered around 87% (Fig. 8b(iii) ) with less emissive of red emission (Fig.  8d(iiib) ).
Shifting of emission [20] center can be also used to evaluate sensing phenomena due to a weak interaction of analytes to either metal-metal interaction or electronegative atom at outside molecule to give shorter (red shift) or longer (blue shift) distance of metal-metal interaction. Upon exposure to ethanol, chemosensor 2 E shows that its original emission centered at 616 nm was blue-shifted to 560, 558 and 557 nm (Fig. 6e ) in 2-4 mins with ∆λ in 56, 58 and 59 nm (Fig. 6f, black square) . Finally, the emission band was shifted to 555 nm with ∆λ in 61 nm and the color was changed from orange ( Fig.  5d(v) ) to green (Fig. 7e) . Since chemosensor 2 E has shorter metal-metal distance (616 nm) than chemosensors 2 A-C (553, 584 and 570 nm) based on their emission centers (Fig. 6a-c) , ethanol will probably difficult to be diffused to short distance of the metalmetal interaction. Hence, such changes in emission spectra and colors might be caused by interaction of OH of ethanol with electronegative O atoms of the methoxy groups at the benzyl ring via a weak intermolecular hydrogen bonding interaction to give increasing in the metal-metal distance. This week interaction gave perfectly and autonomously recovery of its emission intensity (Fig. 8c(iii) ) and color ( Fig.  8d(iiic) ) in 15 min to the original phosphorescent properties.
Based on the evaluation of sensing capability, chemosensor 2 E showed the best performance compared to others. Therefore, further experiment was carried out for reusability test, which is one of the important criteria for selecting sensor materials. As mentioned in previous paragraph, chemosensor 2 E still gave perfectly and autonomously recovery of its original emission intensity in 15 min. In contrast to chemosensors 2 C and 2 D , this performance for the reusability test of chemosensor 2 E can be achieved even up to 10 cycles (Fig. 8e) . Moreover, limit of detection (LOD) for chemosensor 2 E was calculated using IUPAC definition as 3σ/slope [37] that gave 0.013 ppm. These results indicate that chemosensor 2 E has high reusability and sensitivity the detection of ethanol vapors.
In order to confirm the interaction of chemosensor 2 E toward the ethanol vapors after exposure for 5 min, FTIR analysis was carried out as shown in Fig. 2b (chemosensor 2 E after exposure to vapor was labeled as 2 E * with particular vibration peaks at red circles). It was found that a new broad peak was clearly observed at 3383 cm -1 for vibration of O-H from hydrogen bonding while vibration peak for the C-H stretching at 2939 cm -1 was changed to a broad and less intense peak. Such a weak intermolecular hydrogen bonding interaction between OH of ethanol to O-CH 3 at dimethoxybenzyl side-chains of the pyrazole ring was confirmed by the change of sharp peak at 1064 cm -1 for the vibration O-C from the methoxy group at the sidechains (before exposure) to broad one peak at 1029 cm -1 with a shoulder at 1064 cm -1 . Hence, chemosensor 2 E shows the best sensing capability upon exposure to ethanol vapors.
CONCLUSION
In conclusion, we have successfully synthesized 5 types of trinuclear copper(I) pyrazolate complexes (2 A-E ) from non-side chain, 3,5-dimethyl, 3,5-bis(trifluoromethyl), 3,5-diphenyl and 4-(3,5-dimethoxy benzyl)-3,5-dimethyl pyrazole ligands (1 A-E ) in 83, 97, 99, 88 and 85% yields. All complexes showed characteristic phosphorescent properties with emission bands centered at 553, 590, 570, 642 and 616 nm, large Stokes shifts and luminescent lifetime decays in the range of 7.37 to 8.69 μs, which were in good agreement with their colors from green, orange, greenish, red and orange, respectively. Upon exposure to ethanol, except chemosensor 2 B , three sensing phenomena as a positive response were evaluated as quenching for chemosensors 2 A-C with color OFF, photoinduced energy transfer for chemosensor 2 D with color OFF, and blueshifting for chemosensor 2 E with color change from orange to green. Based on the sensing capability with changes in spectra and images, chemosensor 2 E was found to be the best of sensors for the detection of ethanol vapors due to the presence of electronegative O atoms at the methoxy group in the benzyl of the pyrazole ring for the weak intermolecular hydrogen bonding interaction. By using molecular designs in the synthesis of metal complexes as phosphorescent chemosensors, high sensing capability can be achieved for the detection of VOCs in next future.
